The three most abundant extracellular proteins of Mycobacterium tuberculosis, the 30-, 32-, and 16-kDa major extracellular proteins, are particularly promising vaccine candidates. We have mapped T-cell epitopes of these three proteins in outbred guinea pigs by immunizing the animals with each protein and assaying splenic lymphocyte proliferation against a series of overlapping synthetic peptides covering the entire length of the mature proteins. The 30-kDa protein contained nine immunodominant epitopes, the 32-kDa protein contained two immunodominant epitopes, and the 16-kDa protein contained a highly immunodominant region at its N terminus. The immunodominant epitopes of the 30-and 32-kDa proteins in outbred guinea pigs were frequently identified in healthy purified-protein-derivative-positive or BCG-vaccinated individuals in previous studies. The immunodominant epitopes of these major extracellular proteins have potential utility in an epitope-based vaccine against tuberculosis.
Tuberculosis continues to ravage humanity, and an improved vaccine is urgently needed. The major extracellular proteins of Mycobacterium tuberculosis are prime candidates for a subunit vaccine against tuberculosis (1, 8, 15, 16) . Purified major extracellular proteins have been shown to induce protective immunity against aerosol challenge in the outbred guinea pig model of pulmonary tuberculosis (8) . Tuberculosis in the highly sensitive guinea pig closely mimics the human disease immunologically, clinically, and pathologically, and hence the guinea pig is the most relevant small animal model of tuberculosis.
The three most abundant extracellular proteins of M. tuberculosis, the 30-kDa (also called antigen 85B), the 32-kDa (also called antigen 85A), and the 16-kDa (also called MPT 63) proteins are particularly promising vaccine candidates. Together, they comprise approximately one-half of the total proteins exported by M. tuberculosis into broth culture (8) . They are also among the most abundant M. tuberculosis proteins expressed in macrophages (10) . The 30-and 32-kDa proteins of M. tuberculosis are present throughout the genus and function as mycolyltransferases (2, 19) . The 16-kDa protein is specific to the M. tuberculosis complex but its function is not known.
Proteins often contain immunodominant epitopes that cross major histocompatibility complex types within and between species (3, 13, 14) . One strategy for enhancing the protective efficacy of a protein vaccine is to immunize with selective immunodominant epitopes of the protein. In theory, an epitope vaccine may be more effective than a whole protein vaccine because it would contain a high proportion of the most relevant peptide components and a low proportion of irrelevant or potentially deleterious components, e.g., immunosuppressive components. Consistent with this idea, in one report, mice immunized with a peptide of hen eggwhite lysozyme produced a vigorous T-cell proliferative response to the peptide that did not occur after immunization with the whole protein (20) .
In this study, we sought to identify immunodominant epitopes of the 30-, 32-, and 16-kDa major extracellular proteins of M. tuberculosis. To do so, we immunized outbred guinea pigs with one of each of the three proteins and assayed the proliferative responses of their splenic lymphocytes to synthetic peptides overlapping the entire mature protein to which the animal was immunized.
Native 30-, 32-, and 16-kDa proteins of M. tuberculosis used in this study were purified from culture filtrates as described previously (8) . Outbred male Hartley strain guinea pigs (Charles River Breeding Laboratories) were immunized three or four times with 100 g of a purified protein in Syntex adjuvant formulation (SAF) every 3 weeks, also as described previously (8) . A skin test for the proteins was performed at the end of the immunization protocol (8) . Control guinea pigs were sham immunized with phosphate buffer only in SAF. For each protein, a series of synthetic peptides (15-mers) covering the entire mature protein and overlapping by 10 amino acids was used in splenic lymphocyte proliferation assays. Synthetic peptides were purified by high-pressure liquid chromatography, and the accuracy of the peptide sequence for the 32-and 16-kDa proteins was confirmed by mass spectrometry. The purity of the synthetic peptides was typically greater than 80%, with few exceptions. Lymphocyte proliferation assays were performed as described earlier (15) . A positive lymphocyte proliferative response to a synthetic peptide or control antigen was defined as (i) a stimulation index (SI) that is greater than 1.2 and (ii) a value of (decays per minute [dpm] with antigen) Ϫ (dpm without antigen) that is greater than 1,500. By these criteria, at least 60% of the immunized animals had a positive response to the protein used for immunization. Fig. 2A) . Moreover, three of these seven immunoreactive regions of guinea pigs and humans (amino acids 101 to 115, 126 to 140, and 261 to 275) overlap with T-cell epitopes of the 30-kDa protein predicted by a newly developed computer program (EpiMer) that predicts putative T-cell epitopes by searching the HLA-binding motifs on a given protein sequence (12) (Fig. 2A) . Amino acids 241 to 255 were identified as an immunoreactive region in guinea pigs but not in healthy PPDpositive or BCG-vaccinated individuals. It is possible that this discrepancy between the studies is due to the two consecutive amino acid differences at positions 245 and 246 in the 30-kDa protein of M. tuberculosis, mapped in guinea pigs, and the 30-kDa protein of M. bovis BCG Tokyo, mapped in humans.
Peptide mapping of the 32-kDa protein. The mature 32-kDa protein, consisting of 295 amino acids (4, 6) , is closely related to the 30-kDa protein in both primary sequence and physiological function. It is also a major target of host immune response to mycobacteria. Among 24 guinea pigs immunized with the 32-kDa protein, splenic lymphocytes from 18 (75%) animals had a positive proliferative response to the purified 32-kDa protein; splenic lymphocytes from 12 (50%) animals proliferated in response to PPD. The mean SIs were 2.1 Ϯ 1.2 to the 32-kDa protein and 1.5 Ϯ 0.7 to PPD. Immunized animals recognized an average of four peptides (range, 0 to 14). The most immunostimulatory peptides were peptide numbers 25 and 27 (amino acids 121 to 145) and 40 to 41 (amino acids 196 to 215). These two epitopes, recognized by 30 to 40% of the immunized guinea pigs, overlap with regions (i.e., amino acids 121 to 160 and 191 to 220) preferentially recognized by the peripheral blood mononuclear cells of PPD-positive individuals (9) (Fig. 2B) . These two epitopes also overlap with the T-cell epitope predictions of the EpiMer program. In contrast, the immunoreactivity of amino acids 51 to 110 and 146 to 160 are human specific since these regions were preferentially recognized by PPD-positive individuals and predicted by the EpiMer program but were apparently not immunoreactive in outbred guinea pigs. Although the 30-and 32-kDa proteins of M. tuberculosis are highly homologous, the majority of 15-mer peptides that correspond between these two proteins are not identical. Corresponding peptides of these two proteins have from 1 to 6 different residues and these are frequently nonconservative changes. The only peptides of the 30-and 32-kDa proteins of M. tuberculosis that are identical are peptides 1 to 4, 18 to 19, and 53. However, peptides 1 to 3 and 53 were recognized by 25% of the animals immunized with the 30-kDa protein but not by animals immunized with the 32-kDa protein. This suggests that the processing and presentation of these peptides is influenced by the context in which they reside in the protein.
Peptide mapping of the 16-kDa protein.
The gene for the 16-kDa protein of M. tuberculosis has recently been cloned and sequenced (6, 11) . The mature protein contains 130 amino acids. Of 23 guinea pigs immunized with the 16-kDa protein, 14 (61%) recognized the purified protein versus 42% of the controls, and 10 (43%) recognized PPD versus 4% of the controls. The mean SIs for immunized animals were 1.7 Ϯ 0.6 to the 16-kDa protein and 1.4 Ϯ 0.4 to PPD. Immunized animals recognized an average of one peptide (range, 0 to 7). The most immunostimulatory region of the protein was its N terminus; peptide numbers 1 (amino acids 1 to 15) and 5 (amino acids 15 to 30), in particular, were recognized by 20% of the immunized animals. Three putative T-cell epitopes were predicted by the EpiMer program (Fig. 2C) . Except for six amino acids (amino acids 25 to 30), these epitopes do not overlap with the immunoreactive region mapped in guinea pigs.
Assays of lymphocyte proliferation to whole proteins discriminated very well between immunized and control animals in the case of the 30-kDa protein (92 versus 4%) but less well in the cases of the 32-and 16-kDa proteins (75 versus 54% for the 32-kDa protein and 61 versus 42% for the 16-kDa protein). When the results of all of the studies are combined, it can be seen that ca. 33% of the control animals responded to purified proteins and 18% responded to PPD. Responses to purified proteins and PPD were highly correlated, i.e., animals that recognized PPD generally also recognized the purified proteins. Presumably, these responses of the control animals reflect cross-reactive immunity from exposure to environmental antigens, possibly including those from nonpathogenic mycobacteria.
Interestingly, in separate experiments in which both immunized and control animals were tested for cutaneous delayedtype hypersensitivity to the proteins (unpublished data), the skin tests to the 32-and 16-kDa proteins discriminated between immunized and control animals better than the lymphocyte proliferation assay did in the present study. In the separate study, 72, 78, and 72% of the animals had a positive response to the 30-, 32-, and 16-kDa proteins, respectively, versus 0% of the controls. Paradoxically, although immunized animals consistently recognized the whole proteins more frequently than did the sham-immunized controls, they did not consistently recognize individual epitopes better. In the case of the 30-kDa protein, immunized animals recognized virtually all immunoreactive epitopes more frequently than did the controls. However, in the case of the 32-and 16-kDa proteins, immunized animals recognized most immunoreactive epitopes less frequently than did the controls.
In this study, we have identified a total of 12 T-cell epitopes on the three most abundant extracellular proteins of M. tuberculosis in outbred guinea pigs. The T-cell epitopes of the 30-and 32-kDa proteins mapped in immunized guinea pigs were frequently identified in healthy PPD-positive or BCG-vaccinated individuals. (The 16-kDa protein has not been mapped in humans.) This suggests that outbred guinea pigs may be a useful model for identifying broadly immunodominant epitopes of microbial proteins in humans and that the broadly immunoreactive epitopes of the three major extracellular proteins of M. tuberculosis identified in this study may have utility in an epitope-based vaccine against tuberculosis.
